On the other hand, methoxamine usually induced negative chronotropic and inotropic effects in both preparations, and these negative effects were not blocked by atropine, tetrodotoxin and phentolamine. These results suggest that phenylephrine produces a cholinergic excitation which may occur through an adrenergic alpha-mechanism in parasympathetic nerve terminals, in addition to its adrenergic beta-stimulating effect.
Abstract-The effects of phenylephrine and methoxamine were studied on pacemaker activity in the sinoatrial node and on atrial and ventricular contractility in isolated, blood-perfused atrial and ventricular preparations of dogs. Each drug was administered directly into the cannulated sinus node artery of an isolated atrium or the anterior descending branch of the isolated left ventricle over a period of 4 sec. Two response patterns to phenylephrine were observed in atrial preparations: monophasic positive chronotropic and inotropic effects; double peaked effects, positive effects were tem porarily interrupted by negative effects. Phenylephrine-induced positive effects were blocked by an adrenergic beta-blocker, alprenolol or carteolol, but not by desipramine or phentolamine.
Phenylephrine-induced negative effects were inhibited by atropine, tetrodotoxin or phentolamine. In ventricular preparations, phenylephrine usually induced a monophasic positive isotropic effect which was completely blocked by a beta-blocker but not by phentolamine.
On the other hand, methoxamine usually induced negative chronotropic and inotropic effects in both preparations, and these negative effects were not blocked by atropine, tetrodotoxin and phentolamine. These results suggest that phenylephrine produces a cholinergic excitation which may occur through an adrenergic alpha-mechanism in parasympathetic nerve terminals, in addition to its adrenergic beta-stimulating effect.
In 1968, James et al. (1) reported that sinus deceleration with the adrenergic alpha stimulant, methoxamine was prevented by phenoxybenzamine but not by atropine. These workers had directly perfused the sinus node artery of the dog heart in situ (2). They con cluded that this phenomenon was "evidence for alpha receptor depressant activity". The negative chronotropic effect was not however, observed when phenylephrine was adminis tered. In 1971, Hashimoto et al. (3) using a modified direct perfusion method of the canine sinus node artery demonstrated that phenylephrine induced not only sinus acceleration but also sinus deceleration (4). They concluded that phenylephrine causes a cholinergic exci tation, which may occur through interaction of phenylephrine with terminal synapses of the vagus nerve as the sinus deceleration induced by phenylephrine was blocked by atropine, hexamethonium, tetraethylammonium, phentolamine and phenoxybenzamine. However, even in the in situ SA node preparations, a complete isolation from extracardiac factors which may influence pacemaker activity of the SA node via neurogenic reflexes is most difficult to attain. Recently Chiba et al. (5, 6 ) developed a completely isolated, blood
perfused atria] preparation of the dog, which allows for a well controlled study of such local mechanisms and perfusion is carried out only through the sinus node artery.
In the present study, the isolated canine atria] preparation was employed to determine the effects of phenylephrinc and methoxamine on SA nodal pacemaker activity and atrial contractility. The isolated left ventricular preparation (7) was also utilized in several experiments to determine effects of phenylephrine and methoxamine on ventricular con tractility.
MATERIALS AND METHODS
The experimental methods of atrial (5, 6) and ventricular preparations (7) 
RESULTS
Ciironotropic and inotropic CJjC'cts of p/icli)'lcj)1Irnie and i11ctlloa"aiiiiiic girc/1 into the Sinus node artery
When phenylephrine was injected into the cannulated sinus node artery, the positive chronotropic and inotropic effects were produced. A relatively small dose of phenyl ephrine, 0.3 pg, produced only a monophasic positive chronotropic and inotropic effect.
With increasing doses over I dig, a biphasic chronotropic and inotropic effect or a double peaked chronotropic and inotropic effect was frequently observed: i.e., there was a brief negative chronotropic and inotropic effect, followed by a positive effect, or there was a primary positive chronotropic and inotropic effect, followed by a brief negative effect, after Table 3 .
Effect of adrennen-gic beta-n-eceptor blocking a; cants, alprcnnolol and cartcolol, a 11017-depressant 
Absence of blocking eff ct of desipramine on plies}ylepliriii(,-inchieed positive chronotropic and isotropic responses
When desipramine at doses of 10-100 pg was injected into the sinus node artery, initially brief negative chronotropic and inotropic effects followed by long-lasting positive effects were produced as previously reported (8, 9) . These dose levels of desipramine significantly 
DISCUSSION
In 1968, Govier (11) reported that phenylephrine produced a positive inotropic response in guinea pig atria, and Benfey (12) and Schumann et al. (13) also described a similar effect of phenylephrine on rabbit atria and cat papillary muscles. Since this response was at least partially blocked by phentolamine, it was considered an alpha-adrenergic response. In the present study, the spontaneously beating atrial preparation of the dog was used, and there was no evidence of the positive isotropic response to phenylephrine and methoxamine via an adrenergic alpha-mechanism. Even in the ventricular muscle, phenylephrine induced a positive inotropic effect only, through an adrenergic beta-mechanism. Furthermore, since phenylephrine-induced positive effects were not suppressed by an uptake blocker, desipramine, these effects may not be due to a release of catecholamine from adrenergic nerve terminals. Therefore, in both atrial and ventricular muscle of the dog, phenylephrine induced positive inotropic effect may be produced through only adrenergic beta-receptors.
On the other hand, in atrial preparations, phenylephrine occasionally caused temporarily negative isotropic and chronotropic effects. It is known that sinus deceleration causes an decrease in the developed tension. In a previous paper (14) , the frequency-force relationship of the canine atrium was studied, and it vas noted that a 20°,; change in sinus rate resulted in approximately a 70,', change in the tension developed within a range of 100 to 200 beats/ min. In the present study, however, it was shovti n that phenylephrine caused a clear negative inotropic effect with a slight negative chronotropic effect. Therefore, it is considered that the negative inotropic response to pheiiylephrine may be not due to changes in sinus rate.
Since these negative effects were completely inhibited by atropine, it is considered that phenylephrine caused a release of acetylcholine from cholinergic nerve terminals. As these negative responses to phenylephrine were blocked by tetrodotoxin, phenylephrine appears to cause an excitation of parasympathetic nerve fibers. It is well known that tetrodotoxin blocks selectively the sodium carrier system of excitable tissue, particularly nerve fibers (15, 16) , and Hashimoto and Chiba (17) demonstrated that tetrodotoxin when injected into the sinus node artery blocks transmitter release caused by nerve excitation on the SA node area.
Moreover, as phenylephrine-induced negative effects were blocked by an adrenergic alpha receptor blocking agent, phentolamine, it may he concluded that an adrenergic alpha mechanism exists in cholinergic nerve terminals. The present results differ from previously reported results in isolated (uinea-pig, rabbit and cat hearts (11) (12) (13) . This may be due to species differences. Endoh and Sch6mann (18) reported frequency-dependence of the positive inotropic effect of methoxamine and naphazoline in the rabbit papillary muscle and Mugelli et al. (19) found that the alpha-receptor-mediated positive inotropic effect could be frequency-dependent, because phentolamine antagonized the effect of low concen trations of epinephrine in guinea pig ventricle strips driven at I Hz, but did not modify the curve of the agonist at the higher stimulation rate. Evidence for the role of alpha-adreno ceptors in the production of a positive inotropic effect has been chiefly obtained in heart preparations driven at a low rate (11) (12) (13) (20) (21) (22) . In blood-perfused canine atrium pre parations, the spontaneously beating rate is approximately 100 beats/min which is similar to physiological heart rates of conscious dogs. Thus, it may be difficult to detect the alpha adrenergic component of the positive inotropic effect.
James et al., using the direct perfusion method of the canine sinus node artery reported that methoxamine produced only a negative chronotropic effect (1). They also stated that atropinization had no effect on methoxamine-induced sinus deceleration, but that the deceleration could be reversed with either phentolamine or phenoxybenzamine. They concluded that the negative chronotropic action of methoxamine is due to alpha-receptor stimulation. They did not, however, demonstrate a negative chronotropic effect of any given dose of phenylephrine, a potent alpha-stimulant.
On the other hand, in 1975, Rabinowitz et al. (23) reported that in cat papillary muscle, methoxamine produced a dose-related increase in force development that was selectively blocked by alpha-adrenergic
antagonists.
In the present study, methoxamine induced negative chronotropic and inotropic effects in atria] and ventricular muscle preparations. These negative effects were not in hibited by either atropine or phentolamine, which completely blocked phenylephrine induced negative responses. Thus, methoxamine-induced negative effects may be due to direct cardiac depressant properties of the drug as reported previously (24, 25) , and not mediated by an adrenergic alpha-mechanism.
Regarding chronotropism, Hashimoto et al. (3, 26, 27) and Chiba et al. (28) reported that an adrenergic alpha-mechanism may exist in cardiac cholinergic nerve terminals as determined when a modified direct perfusion of the sinus node artery was carried out (4).
However, neurogenic reflex mechanisms could not be ruled out as extracardiac factors may have been involved. The results of the present work suggest that phenylephrine induces a release of acetylcholine locally from cholinergic nerve terminals through an adrenergic alpha-mechanism.
